In Jurinea mollis fruit, the dibenzylbutyrolactone-type lignan glycoside arctiin and its aglycone arctigenin were determined for the first time using a combination of optimized enzymatic treatment and complementary spectrometric (HPLC-MS, GC-MS) and spectroscopic (CD and NMR) methods. Analysis of separated fruit parts, i.e., the fruit wall and embryo, demonstrated the specific accumulation of arctiin, since it was exclusively found in the embryo. Arctiin in the embryo samples (71.5 mg/g) was found to be quantitatively converted into arctigenin (50.7 mg/g) by endogenous enzymatic hydrolysis, resulting in one of the highest arctigenin-containing plant tissues reported to date and allowing the selective isolation of arctigenin by our recently reported three-step isolation method. The absolute configuration of the isolated arctigenin was determined to be (-)-(8R,8'R). Conformational analysis of arctigenin was also performed, resulting in three major low energy conformations.
The dibenzylbutyrolactone lignan (DBLL) arctigenin occurs in plants either in O-glycoside form connected to a glucose forming arctiin or free as an aglycone [1] . This DBLL aglycone-glycoside pair has numerous biological effects including antiproliferative, antiviral, antioxidant, neuroprotective and colitis inhibitory [2a-f] properties. These effects of the aglycone arctigenin were more significant than those of the glycoside arctiin [2a,f] . Therefore the mechanisms of actions of arctigenin were also extensively studied [3] [4] [5] . Arctigenin is widely distributed throughout the plant kingdom; however, it is accumulated in the highest concentration in O-glycoside form in the cypsela fruits of some Cynareae species belonging to the family Asteraceae (Compositae) [4, [6] [7] [8] . Namely, to obtain arctigenin, the arctiin-containing cypselas of Serratula tinctoria, Arctium lappa [4] , Cirsium oleraceum [8] and Cnicus benedictus [6] were hydrolyzed by endogenous glycosidase enzyme resulting in 56.0 mg/g, 51.0 mg/g, 30.0 mg/g and 16.6 mg/g arctigenin in these fruits, respectively. Based on this enzymatic conversion of arctiin into arctigenin, a simple and effective isolation method was developed to prepare high-purity arctigenin extracts (HPAEs) from A. lappa and S. tinctoria fruits [4] . The analysis of separated cypsela parts, i.e., the fruit wall and the embryo of A. lappa and C. benedictus, demonstrated the specific accumulation of arctiin, since it was exclusively found in the embryo [6, 7] . Consequently, the enzyme-hydrolyzed fruit embryos were found to contain extremely high amounts of arctigenin (A. lappa 93.7 mg/g and C. benedictus 33.1 mg/g).
As a continuation of our recent studies on lignans in Cynareae plants [3] [4] [5] [6] [7] [8] , the present work examines for the first time the fruit constituents of Jurinea mollis (L.) Rchb. Our preliminary results revealed that the fruits of this plant contain a large amount of arctiin. Therefore, we attempted to optimize the conversion of arctiin into arctigenin using enzymatic hydrolysis during the ripening process of J. mollis fruit and in its separated embryo and fruit wall parts with the aim to apply the simple isolation process developed recently [4] to prepare pure arctigenin. In addition to the confirmation of the absolute configuration of isolated arctigenin by spectroscopic methods, we also aimed to determine its low-energy conformations by a computational method.
DBLL glycosides can be hydrolyzed by endogenous glycosidase enzymes. These enzymes, (if present), are separated from their substrates in the intact plant tissues. However, cell disruption (e.g., pulverization) breaks down this compartmentalization and allows the decomposition of glycosides into the corresponding aglycone and sugar(s) in aqueous medium [3] [4] [5] [6] [7] [8] . Consequently, the specific conversion of compound 1 of an intact non-hydrolyzed fruit sample ( Figure 1A ) into compound 2 during enzymatic hydrolysis ( Figure  1B) confirmed their identity as a pair containing a glycoside (1) and aglycone (2). The protonated molecular ions (m/z 535 for compound 1 and m/z 373 for compound 2) obtained by LC-MS analysis showing the presence of an additional hexose moiety in 1 (m/z 535m/z 373 = 162 Da), confirmed the identity of the hexoside arctiin (1) and its aglycone arctigenin (2). For further identification, isolated arctigenin was analyzed by GC-MS, CD and NMR spectroscopy (Supplementary Figures S1-S8, and Table S1 ). The complete 1 H and 13 C NMR resonance assignment was accomplished in CDCl 3 (Figures S1-S7, Table S1 ). To the best of our knowledge, no such complete resonance assignment is available in the literature for arctigenin in any solvent. To confirm the trans arrangement of H-8 and H-8' resonances, decisive NOE crosspeaks were observed between the protons H-9'a and H-9'b and those of H-8 and H-8' in the disubstituted γ-butyrolactone ring, respectively. Furthermore, the coupling pattern of H-8s also corroborated the proposed structure (see Table S1 ). These spectral data and the negative optical rotation ([α]D 25 =-25.5) of arctigenin were identical with previously published results which confirmed its identity unambiguously as (-)-(8R,8'R)-arctigenin [4, [8] [9] [10] .
The three-dimensional (3D) structures of arctigenin were studied by a computational method confirming its three possible low-energy conformations shown in Figure 2 . The difference between these conformations resides in the orientation of the aromatic rings in respect to each other. Our initial computations with universal force field (UFF) suggested that conformation C1 should be the most stable [11] . However, optimization at M06-2X/6-31+G(d,p) level of theory confirmed a sandwich structure (C2) which is stabilized by π-π stacking of the aromatic rings. Conformation C3 obtained by the optimization of the geometry from X-ray crystallography is less favorable than C1 and C2 [12] . Comparison of the relative electronic energies and Gibbs free energies ( Supplementary Table  S2 ) highlights the substantial stabilizing effect of π-π interaction and the higher entropy of open structures. Consequently, in solution, arctigenin is predominantly present in its π-π stacked (sandwich-like) conformation. The solutions structure of arctigenin enables the study of its binding affinity to specific receptors, which can be characterized by computational docking (e.g., in terms of understanding the mechanism of action of arctigenin at the molecular level).
For isolation purposes, we planned to select J. mollis fruit tissue containing the highest amount of arctigenin. Therefore, DBLL composition was determined as a function of the ripening stages using HPLC-UV (Figure 3 ). It was confirmed that the amounts of arctiin and arctigenin increased during fruit ripening, reaching their maximum levels of 35.0 mg/g and 1.10 mg/g, respectively, in the ripe fruit. Accordingly, the ripe fruit was used in our further studies. The arctiin and arctigenin composition of whole ripe fruits and that of the embryo and wall parts were compared by HPLC-UV. Results of this analysis confirmed that both compounds were exclusively found in the embryo part of the fruit (arctiin 71.5 mg/g and arctigenin 2.23 mg/g). Taking into consideration these amounts of arctiin and arctigenin measured in the embryo, as well as the proportion of wall [52.3% (w/w)] and embryo [47.7% (w/w)] in the whole fruit, amounts of arctiin and arctigenin could also be calculated for the whole fruit. The calculated values of arctiin (34.1 mg/g) and arctigenin (1.06 mg/g) were consistent with their amounts which were obtained by quantitative HPLC-UV determination (arctiin 35.0 mg/g; arctigenin 1.10 mg/g), thus confirming the practical utility and excellent reproducibility of quantitation. The separated accumulation of DBLLs, denominated as "fruit part-specific accumulation", was also reported recently in several Cynareae fruits [5] [6] [7] [8] , and provides the raw material with a relatively high amount of arctiin for isolation of arctigenin after enzymatic hydrolysis [6, 7] . To perform endogenous enzymatic hydrolysis, whole ripe fruit and its separated embryo part were suspended in 0.5 mL water. The conversion of arctiin into arctigenin was monitored by HPLC-UV as a function of the hydrolysis time ( Figure 4 ; note: to characterize the effects of endogenous enzymatic hydrolysis on the conversion of compounds on a comparable basis, the amounts are given in µmol/g values). The results confirmed the quantitative conversion of arctiin into arctigenin in both samples, but there was a significant difference in the time required. While complete hydrolysis in the whole fruit needed only 30 min, this process in embryo required 600 min (Figure 4 ). On a quantitative basis, the expected amounts of arctigenin in enzyme-hydrolyzed samples were calculated by adding the amounts of arctiin and arctigenin measured in the untreated tissues ( Figure 1A and Figure 4 , in whole fruit 65.5 µmol/g + 2.96 µmol/g = 68.5 µmol/g; in embryo 133.9 µmol/g + 6.0 µmol/g = 139.9 µmol/g). These calculated values (68.5 µmol/g and 139.9 µmol/g) were consistent with the amounts of arctigenin measured in the completely enzyme-hydrolyzed whole fruit ( Figure  4A , average of samples hydrolyzed for 30 min and 60 min: 69.4 µmol/g) and embryo ( Figure 4B , average of samples hydrolyzed for 600 min and 900 min: 136.3 µmol/g). These results demonstrated that the enzymatic conversions are quantitative processes producing high amounts of arctigenin. In fact, this arctigenin content (136.3 µmol/g, corresponding to 50.7 mg/g) in enzyme-hydrolyzed embryo is one of the highest amounts reported to date in the plant kingdom (see data in introduction section). To confirm the high amount of arctigenin in J. mollis fruit embryo, two additional samples from different habitats were collected and analyzed, subsequently to their enzymatic hydrolysis. High amounts of arctigenin were also found in these samples (48.9 mg/g and 44.2 mg/g), highlighting the importance of J. mollis fruit embryo for the isolation of arctigenin.
Recently, we developed a simple three-step isolation procedure to prepare HPAE from Serratula tinctoria and Arctium lappa fruits [4] . Applying this process, fruits were purified with diethyl ether to remove all of their hydrophobic constituents.
Thereafter, the hydrophilic arctiin remaining in the fruits was converted into arctigenin in aqueous medium by endogenous enzymatic hydrolysis. Finally, arctigenin was extracted with diethyl ether to prepare HPAE. Consequently, this enzymatic hydrolysis-based procedure allowed the three-step isolation of arctigenin from J. mollis fruit samples as well. To prepare HPAE from these samples, the same isolation protocol was applied which was detailed recently [4] , with the exception of the hydrolysis period: since the complete enzymatic conversion of arctiin into arctigenin in the whole fruit and embryo of J. mollis required 30 min and 600 min, respectively, these hydrolysis periods were applied instead of the 15 min treatments adequate for A. lappa and S. tinctoria fruits (Figure 4 ). Using this method, from 200.0 mg whole fruit and from 200.0 mg embryo tissues, 7.9 mg HPAE containing 57.5% arctigenin and 12.5 mg HPAE containing 74.2% arctigenin were prepared, respectively (results are mean values obtained from three parallel experiments). Comparing the theoretically extractable arctigenin content of 200.0 mg embryo tissue (10.4 mg; calculated amount, obtained by the sum of arctiin and arctigenin amounts of intact embryo tissue) with the arctigenin content of the HPAE prepared from 200 mg embryo (9.3 mg; representing 74.2% of 12.5 mg HPAE isolated from 200.0 mg tissue), demonstrates that the three-step isolation method results in a very high efficiency (89.4%) of arctigenin extraction. These results highlight the importance of embryo separation, thereby offering an efficient (89.4%) way for the preparation of extracts containing significantly higher levels of arctigenin (74.2%) than the whole fruit (57.5%).
In this study we reported for the first time that (i) J. mollis fruit contains precious lignans, i.e., arctiin and arctigenin, (ii) arctiin was quantitatively transformed into arctigenin in J. mollis fruit by endogenous enzymatic hydrolysis, (iii) the fruit part-specific accumulation of these lignans resulted in an extraordinarily high arctigenin level in the enzyme-hydrolyzed embryo part (50.7 mg/g) allowing the efficient preparation of an extract containing 74.2% arctigenin by the simple, recently developed three-step isolation procedure and, (iv) as a result of computational molecular modeling, arctigenin, in solutions, may present in three different 3D conformations; among them, the π-π stacked (sandwich) structure is the most favorable.
